of precursor-product transformation in an intact animal by a single injection of tracer usually is based on time curves of specific activity obtained from relatively few body compartmen ts. A host of other pools, although recognized phvsiologically, are neither sampled nor measured for size. Ideally, to strengthen the probability that a proposed model is correct, and to provide constraint in multicompartmental analysis, a maximum number of pools should be sampled and measured directly.
In the present study, whole-body analysis was em-ployed to sample a large number of compartments in the rat after a single dose of glucose-14C. Measurements at successive time intervals included total carbon in each compartment, specific activity of the contained carbon, and percent of injected radioactivity.
The initial plan was to fit this information into a multicompartmental model which, with all pools sampled, would permit a reliable calculation of various rates of flux. Actually, a calculation of individual rates of disposal of glucose to various end products was possible without the need of a complex model.
METHODS
Male rats of Sprague-Dawley strain maintained on Rockland mouse/rat diet (Leklad Inc., Monmouth, Ill.), and weighing between 160 and 220 g were fasted overnight (17-21 hr) and lightly anesthetized with sodium pentobarbital, 4 mg/lOO g, to eliminate variable physical activity.
The tracer was uniformly labeled glucose-14C (Nuclear Chicago, Chicago, Ill., Sp.A. 3.6 . mc/mM) in which radiochemical purity was confirmed by demonstration of a single peak in paper chromatography with butanol-acetic-water 50: 11: 25 (v/v/v) , and by loss of 99 % of radioactivity in reaction with glucose oxidase followed by resin passage. A dose of 8-16 PC was injected into a tail vein, after which the rat was placed on a stainless steel screen in a quart jar through which CO2-free air was drawn at a rate of 600 ml/min.
Two absorbing cylinders fitted with sintered glass aerators and containing 40 ml of 1-2 N NaOH were arranged in tandem. A "Y" connection permitted periodic diversion of 1-min samples into a separate absorbing tube for determination of specific activity. At postinjection intervals up to 6 hr the rats were removed from the jar, a heart blood sample taken (1-2 ml), and all bladder urine aspirated and saved along with voided urine. A factor for conversion of osazone activity to that of fractions measured on the scintillation counter was derived by oxidation of a set of osazone samples.
After KOH digestion and alcohol precipitation, glycogen was hydrolyzed (10) and measured colorimetritally with the glucose oxidase reagent. This value was taken for whole-body glycogen content. Specific activity of glycogen was obtained by direct scintillation counting of an aqueous aliquot of a twice-reprecipitated sample, along with an oxidase assay of glucose in a companion aliquot after hydrolysis. All of the foregoing determinations were performed in duplicate. Table  1 summarizes the values for carbon content found for all whole-body pools which were studied. All were derived from direct analysis of whole homogenate, except carbonate carbon. In this instance the milligram value of measured carbon per gram of tissue was multiplied by the assumed percent body weight contributed bv the individual tissues as listed in the footnote of the table.
RESULTS
Glucose dis-osal. The plasma glucose, measured at the beginning of the experiment in five rats, and at from 5 min-6 hr following injection in 56 rats, showed no tendency to fall or rise. It averaged 106 mg./lOO ml. The whole-body concentration in 27 animals averaged 29.7 (4~ SE 0.7) mg/lOO g of rat (11.9 mg glucose carbon). Glucose space, calculated as body water having a concentration equal to that of plasma water, was 25.5 (& SE 0.7) ml/ 100 g of rat, a volume of distribution comparable to that of extracellular fluid. Illustrated in Fig. 1 is a curve of specific activity (Sp.A.) of glucose. Points are recorded separately for blood and for whole rat homogenate.
The plot illustrates that specific activities of blood and of whole body show no systematic divergence in the interval between 5 min 1151 and 6 hr. They are essentially identical even at 5 rnin. Although in three of the four points between 3 and 6 hr, whole-body specific activity exceeds that of blood, this is more likely due to random error of measurement rather than to slow equilibration with interstitial fluid acting as a secondary pool. If equilibration required more than 5 min the curve for whole-body glucose, being dominated by interstitial fluid, should display an initial usplope corresponding inversely to the initial downslope of blood. In the absence of such a component, the conclusion seems justified that mixing of tracer between blood and interstitial fluid is essentially complete in 5 min.
The curve in Fig. 1 can be resolved graphically into two exponential components: an early rapid portion followed by a prolonged segment which is much less steep. This contour would be expected in a nominal two-pool system, one compartment of which is nonglucase material.
It suggests that a prompt transfer of 14C from glucose to nonglucose compounds is followed by recycling of the 14C back into glucose. Although the nonglucose material affects the curve as would a single homogeneous pool, homogeneity in this instance is not postulated.
A complex nonglucose moiety of interconnecting pools having rapid interchange would mimic a single pool.
Derivation of the exponential components of the glucose curve was performed, not to determine rate constants of transfer or sizes of assumed compartments, but to obtain a numerical expression which would permit calculation of total irreversible disposal of glucose by a method which does not require a complex physiologic model. For this purpose an adaptation of the StewartHamilton dilution principle (11) was employed. Although originally applied to volume flow of blood, it also has been used to calculate production rate of steroid hormones (20). In its simplest form the principle may be stated as follows:
If body glucose were static, i.e., not metabolized or excreted, and tracer glucose were mixed with it, Sp.A. would remain constant with time, and the dose of tracer divided by Sp.A. would give the value for total glucose present (dilution principle). But because body glucose and added tracer are continually being lost and replaced by unlabeled glucose the Sp.A. of the mixture continually declines. Now if a time period were to be delineated during which essentially all of the tracer is lost, e.g., 98 70 lost in 6 hr, and the mean Sp.A. could be calculated for this period, the dose of tracer divided by the mean Sp.A. would give a close approximation of how much glucose, now lost, had existed during the 6 hr. Mean Sp.A. is the area under the curve between 0 and 6 hr divided by time (6 hr). Ordinate base line is through the 6-hr intercept. Collecting these statements into a formula with d for dose of tracer, t for elapsed time, k for rate of disposal and A for area under the segment of curve, a very simple expression emerges which is independent of the interval t : A more rigorous derivation which does not assume that a time period is ever measured or that disposal is less than complete is as follows:
When all tracer has disappeared the amount injected will equal the amount lost. Kow, let c = Sp.A Kate that in the second derivation the last observed slope is considered to extend to infinity even though the curve most certainly will ultimately flatten out after the original main "bolus" of 14C label has left the glucose pool and begins to return slowly from nonglucose depots. This, however, does not vitiate the analysis of dominant kinetics during the 6-hr period while over 98 % of the 14C is leaving the glucose pool. The extrapolation is in a sense comparable to that which is performed in determination of cardiac output wherein the primary dilution curve is extended below the base line of recirculating tracer. The present conditions differ only in that a component of the total curve which might be delineated after 6 hr is to some extent operative also in the early portion of the curve. Yet, such a component represents a level of activity which is so low that it does not materially alter the over-all contour during the first 6 hr.
The formula is applicable in a complex system of interconnecting pools if the particular pool receiving the tracer and being sampled represents a compartment of the system which is the sole recipient of all inflowing glucose or is within the sole route of irreversible disposal. From the slopes and intercepts of the equation representing the glucose curve in Specific activity of expired CO:!. The time curve of the specific activity of expired CO2 shown in Fig. 2 (18) will not invalidate the calculation. On the other hand, net fixation of COZ, will cause a discrepancy between measured CO2 output and CO:! disposal as calculated by the formula. This is because the portion of CO2 fixed in metabolic intermediates would be susceptible to conversion to substances such as fat and protein which, because of their pool size, dilute the 14C tracer to such an extent that they act as sinks which, in essence, are comparable to external disposition of 14C from the active system via a route other than expired air. Thus, if it is assumed that no appreciable net CO:! fixation exists, the dose/area calculation of irreversible loss of CO2 will correspond to the measured output of CO2 in the breath.
The curve analysis of CO2 Sp.A. shown in Fig. 2 A. of carbonate carbon in the several tissues was similar to that of CO2 carbon in expired air (Fig. 3) . A correspondence of Sp.A. of breath with that of serum was confirmed in 10 rats by comparison of a breath sample with a serum sample taken immediately thereafter.
The ratio of activities of breath to those of serum averaged 0.97.
The relatively flat contour of the downslope of the curve for bone is consistent with the expected sequestration of 14C02 in the slowly equilibrating crystalline phase of this tissue. The consistently high activity in brain is of particular interest. It most certainly reflects the unique dependence of this organ on glucose as a source of energy. The total amount of injected dose in the carbonate pools at any given time may be calculated from the Sp.A. values of the curves and the pool sizes given in Table 1 . The peak for total amount was approximately 3 76 of injected dose between 1 and 2 hr. The total remaining at 6 hr was 0.9 %. These totals are short of the actual whole-body content in proportion to the bicarbonate neglected in cartilage, ligaments, skin, and adipose tissue. This residuum would probably not exceed 10 % of total body bicarbonate.
,4ctivity in basic and acidic fractions of ultrafiltrate. In Fig. 4 The basic materials on Dowex 50 would include amino acids and small peptides.
The rapidity with which the acidic fraction reaches maximum Sp.A. is most striking. At 5-10 min, 25 % of the injected dose of 14C is in the material adsorbed on Dowex 1 after adjusting to pH 11.5. From Fig. 4 it is apparent that the initial Sp.A. is higher for material adsorbed at pH 11.5 than at pH 1.5; however, after 0.5 hr the opposite is true. As might be expected, the lower Sp.A. of the material removed by Dowex 1 at alkaline pH (0.5-6 hr) is attributable to the presence of a greater amount of unlabeled carbon rather than to a decrease in lAC labeled material (See Table 1 ). The prompt rise of Sp.A. iscompatible with a rapid equilibration of the acidic fraction with 14C from the glucose pool. However, the curve of decline is peculiar in one respect. The terminal slope is less steep than that of glucose, and, as a matter of fact, is less steep than the declining portion of the CO:! curve (Fig. 5) . This is not the expected behavior of an intermediate which receives 14C promptly and then just as promptly discharges it into sinks and excreta or returns it to the glucose pool. The Sp.A. curve of such an intermediate should parallel the glucose curve between 1 and 6 hr. The combination of a rapid rise with a relatively slow decline suggests an inhomogeneity which prohibits classifying the acidic fraction as a composite group of compounds equivalent to a single physiologic pool. What has been said for the acidic fraction also holds for the curve of the basic fraction as plotted in Fig. 4 except that initial equilibration is not quite so rapid. A rather surprising finding is the large amount of carbon recovered in both the acidic and basic fractions ( Table 1) .
Calculation of rate of conversion of glucose to various body constituents and excreta. Figure 6 , A and B illustrate the course of 14C accumulation in three body compartments, along with expired CO2, and urine. The curves resemble each other in that they all rise promptly during the first l-2 hr and then flatten out. The flattening is to be expected in the case of breath and urine because cumulative excretion will approach an asymptotic limit. A similar behavior in the case of fat and protein can be explained by the "sink effect" of such capacious pools. Although reversibility of flow exists in these pools, the entering 14C has been so thoroughly diluted that its loss with effluent is extremely slow, and, for the calculations which follow, may be neglected. The glycogen curve tends to fall slightly between 1 and 6 hr, but the level at 6 hr is only about 10 % below the peak at 1 hr. Because this deviation from plateau is relatively small, glycogen Nevertheless, the rate of loss of these atoms to excreta from pools with relatively slow turnover is so slow, in comparison with their rate of entry into these pools, that it is possible to dissect out the kinetic system which pertains to entry and thereby assess the rate of entry of all carbon derived from glucose. from the concentration of added 14C glucose in the uninjected rat compared to that of water-soluble activity in injected rats, the contamination of lipid in the entire experimental animal would amount to only about 0.004% of injected dose at 5-30 min and only 0.0007 C-h at 5-6 hr. Although essentially all of the 14C glucose contaminating the lipid in the uninjected rat was recovered in the lecithin fraction, a projected estimate of the expected contamination in experimental animals would represent an insignificant proportion of the observed activity even when concentrated in this single fraction.
The curve labeled nonphosphatide lipid in Figure 6A represents the total percent of dose of 14C at the solvent front in the TLC system of chloroform-methanolwater. The contour of the curve is similar to that of total lipid, and the ratio to total lipid remains at about 60 % throughout the entire 6 hr. Hydrolytic cleavage revealed that the fatty acid moiety of lecithin contained about one-third of the total activity in the compound, of triglycerides about oneseventh, and of cholesterol esters one-half. The pattern of activity in the rat homogenized in cold water (column 5, Table 3 ) suggests that the routine homogenization in hot water may have reduced the yield of cholesteryl esters and increased the yield in the unidentified fraction; however, the activities for triglycerides and lecithin did not appear to be greatly affected.
Location of 14C in protein. Because trichloracetic acid brings down a certain amount of glycogen along with protein, the radioactivity recovered in such a precipitate may in part represent 14C in glycogen. But in the TCAprecipitable protein fraction from 13 rats (l-6 hr) the counts recovered in glucosazone after mild acid hydrolysis did not exceed 2.6-3.8 % of the total present in the precipitate, except for one rat at 1 hr in which recovery was 6.7 76. Furthermore, the fact that vigorous acid (Fig. 6B ) suggested that the 14C was incorporated in the protein itself, albeit without excluding the possibility of a contribution by amino sugars derived from glycoprotein. Yature of 14C activity in urine. The amount of 14C ultimately excreted in the urine was surprisingly large. Although the exact nature of the contributing compounds was not established, certain information was obtained on three rats at 5 or 6 hr after injection. The total percent of injected dose excreted in these rats was 9.8-12.7 %. Only 1.9-2.4 % of these percentages (0.2-0.3 70 of injected dose) was identified as urea carbon released BS COP by urease. That identified as 14C glucose by thinlaver chromatography followed by osazone formation, or by loss of activity with glucose oxidase, was 4.7-7.3 G/o (0.5 to 0.9 % of injected dose). Dowex 50 removed 6 Y'o of the total in the urine from one of the urines, and the amount removed by Dowex 1 (Cl-or COOH-) at pH 11 was 68 %. Thus the great bulk of the*material was acidic. Chromatography, both on paper with a system of butanol, acetic acid, water, and by a thin layer of silica gel with butanol, ethanol, acetic acid, water gave a distribution of activity extending all the way from the origin to near the front. Although several major humps were apparent, no sharply separated peaks were delineated. Total activity accounted for. In addition to the 87 70 of dose recovered in constituents wherein the 14C quota at 6 hr was approaching asymptote, additional residua could be accounted for in those components wherein content was still declining.
Glucose itself contained only 1.5 % of the dose. Dowex l-adsorbable material (pH 11.5) represented 4.5 %, Dowex 50 another 4.0 %, and neutral nonglucose compounds passing both resins 3.0 %. These all add up to 13 %.
The percent of dose recovered in the sum of all fractions at each of the various sampling intervals varied from 93 to 105 %. Neutral nonglucose material approximated 1.5 to 2 % of dose in the first 0.5 hr, and 2 to 4 % thereafter.
The scatter of points in a plot of the activity in this neutral material was too wide to permit construction of a time curve. These values would be subject to DISCUSSION Owing chiefly to the previously mentioned peculiarities of the slopes of Sp.A. of the ultrafilterable acidic and basic moieties no formal multicompartmental analysis was attempted.
It was apparent that neither of these categories of compounds could be grouped as a class to represent a single physiologic compartment in a kinetic model. In the case of the acidic fraction an artifactual attenuation of the slope of Sp.A. due to postmortem conversion of labeled glycogen to lactate was at first suspected even though precautions for preventing such glycolysis were considered excellent. That lactate was not substantially increased in concentration was established by assays (lactic dehydrogenase) on the supernatant fraction of whole homogenate in six rats at 4-6 hr after injection.
The mean was 14.7 mg/lOO g of whole rat (range 8.8-19.4 In fact the present findings indicate that a model with one glucose pool is a better approximation of the physiologic state than is the model with two. It should be noted that the previously reported Sp.A. curves (2, 3) included a rapid first component which in essence was an artifact introduced by assigning a zero intercept corresponding to dilution only in plasma glucose. The present zero intercept, based on prompt whole-body dilution, yields a curve with only two com-RKFERENCES 1. BAKER, N., AND R. HUEBOTTER. Glucose metabolism i n mice.
. &II. J. Fhysiol. 207 : 1155 -1160 , 1964 ponents. A calculation based on dose/area will predictably give nearly the same result in both instances because area is only slightly affected by the presence of the rapid early segment of the previous three-component curve. Also of interest is the agreement in rate of irreversible disposal begween the earlier series of unanesthetized rats and the present animals given pentobarbital.
Kohn, Winzler, and Hoffman (13) recovered 48 % of the dose of 14C in expired CO2 in 4 hr from fasted rats injected intraperitoneally with glucose-1J4C. This compares with 46 % at 4 hr in the present series. The value of 10 % CO? carbon derived from glucose may be compared with 7 % obtained previously in normal fasting rats by a six-pool analysis (3), and with 11.9 % reported with a constant-infusion method (7). The latter procedure gave values of 44 to 60 % of irreversibly disposed glucose converted to CO 2, depending on ambient temperature, in comparison with our value of 61 %. In rats receiving a maximal glucose load, de Freitas and Depocas determined the rate of total glucose disposal and fractional rate of conversion to CO2 by a constant-infusion method (9). Total disposal averaged 1.4 mg of glucose carbon/min, of which 40 % represented oxidation to C02. Although TCA-precipitable glycogen was excluded as a dominant contributor to the activity recovered in the protein fraction, the possible contribution of inherent aminohexose was not directly assessed. Reported studies indicate that a portion of labeled glucose would rapidly be converted to glucosamine and then to glycoprotein by the liver, in which form it would enter plasma and next be taken up by other tissues (13, 15, 17, 19) . That the amount of labeled glucosamine would be low in hepatic protein is indicated by the work of Kohn, Winzler, and Hoffman (13) in which fasted rats receiving g1ucose-14C showed only 0.03 % of the injected 14C in hepatic glucosamine at 4 hr. Although the amount in remaining body protein was not determined, other published studies with fed rats permit inference. Of the total in the major viscera and muscle of such animals at 5-6 hr after the administration of glucosamine -14C, approximately 60 70 has been found as bound glucosamine in nonhepatic organs (15). This suggests that the aforementioned fasted rats would not have shown strikingly higher values for nonhepatic tissue than the 0.03 % of dose found in liver. The incorporation of 14C from glucose into nucleic acids of nucleoprotein, judging from studies in the mouse, would be insignificant (22). The consistent preponderance of the label in the glycerol moiety of triglycerides as compared to fatty acid is similar to the distribution found in the incubated fat pad of fasted rats with no added insulin (6). Fed rats show a similar distribution (6) or an equal proportion between the two (14)) but insulin shifts the preponderance strongly toward fatty acid (6, 14). 
